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As a third in a series of MD simulations investigating the binding dynamics between nuclear transport
receptors and FG-repeats, Isgro and Schulten (2007b) unveil that close, physical intimacy between
partners is likely to ensure a hassle-free passage through the nuclear pore complex.As the only passageway in and out of
the nucleus, the nuclear pore complex
(NPC) has the principal function of reg-
ulating the nucleocytoplasmic trans-
port (NCT) of macromolecules (Weis
2003; Fahrenkrog and Aebi, 2003;
Tran and Wente, 2006). Yet, the re-
markable ability of the NPC to restrict
or promote macromolecular translo-
cation remains intriguing to this very
day. Whereas small molecules (e.g.,
H2O and ions) can diffuse freely
through the NPC which measures
70 nm in length and 40 nm in
diameter (Beck et al., 2004), entry is a
priori forbidden to large biomolecular
cargoes greater than 40 kDa (but
smaller than the diameter of the pore)
(Pante and Kann, 2002). For transloca-
tion to occur, only cargoes exhibiting
the appropriate nuclear localization/
export signals (i.e., NLS/NES) are
able to solicit the help of soluble trans-
port receptors, known collectively as
karyopherins (or specifically importins
and exportins), which then escort
the cargo through the NPC (Stewart,
2007). Upon arrival, their dissociation
from the NPC is regulated via recep-
tor-binding interactions with RanGTP/
GDP (Gorlich et al., 1996). Paradoxi-
cally, the dualistic functionality of
each NPC, termed ‘‘selective gating’’
(i.e., to act as a barrier and, at the
same time, to facilitate vectorial trans-
port), is not governed by size exclusion
per se, but exhibits a relative porosity
that is governed by the biochemical in-
teractions that dictate NCT.
Presently, the physical constituents
of the selective gating mechanism are
known to consist of natively unfolded
nuclear pore proteins which contain
domains rich in phenylalanine-glycine
(FG)-repeat motifs (i.e., FG-domains)(Denning et al., 2003). This is because
cargo translocation relies on binding
interactions that occur between the
FG-repeats and the transport recep-
tors (Stewart, 2007). Otherwise, the
collective behavior of the FG-domains
is anticipated to impose a physical
barrier that impedes the access of
nonspecific cargoes to the NPC (Lim
et al., 2006; Frey et al., 2006; Patel
et al., 2007). Given the molecular com-
plexity of the cellular environment
(where a multitude of competing non-
specific-FG interactions can presum-
ably take place), the question of how
the FG-receptor binding alone can en-
sure the exquisite selectivity of the
NPC has gone largely unanswered.
To tackle this problem, Isgro and
Schulten have used MD simulations
to investigate the binding interactions
of FG-repeat peptides to importin-b (Is-
gro and Schulten, 2005), NTF2 (Isgro
and Schulten, 2007a), and now, the
Cse1p:Kap60p:RanGTP complex (Is-
gro and Schulten, 2007b). In all three
cases, they have discovered additional
binding spots on each respective re-
ceptor molecule not yet discovered
by experiment, which indicates binding
to be more extensive than previously
thought. Based on evidence obtained
for the Cse1p:Kap60p:RanGTP com-
plex, they now report the existence of
14 FG-repeat binding spots on the
Cse1p surface and 5 binding spots on
the Kap60p surface. While Kap60p is
known to exhibit FG-binding interac-
tions on its own (Gilchrist et al., 2002),
the reason why it requires Cse1p to
be re-exported through the NPC back
into the cytoplasm (in complex with
RanGTP) has remained controversial
(Kutay et al., 1997). In this issue of
Structure, Isgro and Schulten (2007b)Structure 15, August 2007 ªexplain that in comparison to Cse1p,
the relatively large distances and orien-
tation between the five binding spots
on the surface of Kap60p make it
a less likely candidate for export on its
own. By surveying the FG-repeat bind-
ing spots on importin-b, NTF2, and
Cse1p, they suggest that the viability
of a transport receptor is not just based
on the number of binding spots on its
surface, but rather on the close physi-
cal proximity between the spots.
Taken together, it is likely that the
dense arrangement of spots promotes
extensive binding interactions with
several FG-repeats to ensure that a
bona fide transport receptor is identi-
fied by the NPC. In comparison,
sparsely bound FG-repeat(s), as in
the case of Kap60p, are alone insuffi-
cient to ‘‘capture’’ and promote the
transport of a nonspecific molecule.
Furthermore, by using identical FG-
repeat peptides derived from both
FxFG-domains (i.e., Nsp1) and GLFG-
domains (i.e., Nup116) in all three of
their studies (Isgro and Schulten,
2005, 2007a, 2007b) it is noteworthy
that both classes of FG-domains inter-
act with overlapping binding spots on
importin-b, NTF2 and Cse1p, respec-
tively. Indeed, such an overlap has
been experimentally observed for
importin-b previously (Bayliss et al.,
2002). Most importantly, the authors
have inadvertently revealed binding
promiscuity to be a common feature
among the different FG-domains by
binding in a similar manner to the vari-
ous transport receptors. At least qual-
itatively, such functional redundancy
between the FG-domains (Strawn
et al., 2004) may play a major role
in making the NPC a more fail-
safe biological machine. Incidentally,2007 Elsevier Ltd All rights reserved 889
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PreviewsFigure 1. Many Ways of Approaching the NPC
(Left to Right) Starting from the bottom-up, techniques such as MD simulations and X-ray crystallography provide atomic-scale information about the
physical criteria required for binding to occur. In comparison, much less is known about full-length FG-domain and receptor interactions. It will be
important to resolve FG-domain conformational changes during and after receptor (un)binding. Red dots denote the FG-repeats along the chain. Nu-
clear transport occurs over tens of nanometers in and around the NPC (gray shaded area), i.e., a near-field effect, hence the biophysical behavior of
the FG-domains and selective gating will be determined by the contextual details of the NPC. These include the number of FG-repeats and length of
each FG-domain, the distance between their anchoring sites relative to the pore topography (shown using yellow dots), steric/entropic effects be-
tween chains, confinement effects, etc. Top-down biochemical approaches and transport assays alone are powerful in identifying the underlying bio-
chemical interactions and related transport effects but are limited in providing a mechanistic picture of the NPC selective gating mechanism at the
single-event level. The ‘‘atomic-scale interactions’’ representations were generated from a frame of Movie S1 (Isgro and Schulten, 2007b; Supple-
mental Data); the receptor-cargo complexes depicted in the ‘‘FG-domain + receptor binding interactions’’ and ‘‘nuclear pore complex’’ representa-
tions were generated from frames of Movie S2 (Isgro and Schulten, 2007b; Supplemental Data).binding promiscuity has been postu-
lated to confer functional advantages
to natively unfolded proteins by in-
teracting simultaneously with many
different binding partners (Tompa,
2002). Another advantage of an un-
folded protein is that it can bind at rel-
atively far distances and then fold as it
reels in its target (i.e., fly-casting,
Shoemaker et al., 2000). Clearly, such
behavior may play a fundamental role
in the binding interactions between
the transport receptors and the FG-
domains in the NPC.
As in any good experiment, their
findings raise new issues even as it
settles others. In question are issues
related to binding interactions with
full-length FG-domains. Is there a min-
imum requirement for transport selec-
tion? Can all the binding spots on a
receptor be bound by FG-repeats
simultaneously? Can multiple (and
different) receptor molecules bind to a
single FG-domain? Similarly, can a re-
ceptor molecule(s) bind to FG-repeats
interspersed between neighboring
FG-domains? How does binding influ-
ence and affect the conformation of
the FG-domain(s)? What happens to
the FG-domain after the receptor is re-
leased from it? Under what time scales
do these occur? In the context of a sin-
gle NPC, the most burning question
raised is: how does binding allow a re-
ceptor molecule to pass through the890 Structure 15, August 2007 ª2007 Elsbarrier consisting of FG-domains?
How do interfacial, near-field effects
such as the entropic behavior of the
FG-domains (Lim et al., 2006) affect
the capability of the receptors to bind,
and vice versa? Since GLFG- and
FxFG-domains appear to contribute
to the barrier differently (Patel et al.,
2007), do receptors bypass the GLFG-
and FxFG-domains differently despite
having similar binding characteristics?
Finally, how do these effects reconcile
the dualistic role of selective gating in
the NPC?
Nevertheless, a mechanistic under-
standing of how these effects regulate
cargo translocation through the NPC
remains elusive because of the diffi-
culty to visualize the highly mobile
FG-domains in vivo. However, new
and innovative in silico and in vitro
techniques may be able to shed signif-
icant light on the process by recogniz-
ing the contextual details and fine
structure of the NPC. In particular, (1)
each FG-domain is anchored (at one
terminal end) to the NPC, rather than
free-floating in solution; (2) large (but
finite) numbers of FG-domains are
confined to individual NPCs; and (3)
the length, number of FG-repeats,
and distance between the anchoring
site of the each FG-domain have to
be clearly defined relative to the pore
topography. Bearing in mind that nu-
clear transport occurs over tens ofevier Ltd All rights reservednanometers in and around the NPC,
i.e., a near-field effect, careful atten-
tion needs to be paid to the biophysi-
cal behavior of the FG-domains and
their interactions at such nanoscopic
length scales. Therefore, in addition
to more conventional ‘‘top-down’’
strategies, the present challenge is to
establish direct correlations between
the key biochemical interactions with
the biophysical response of the FG-
domains from the bottom-up (Figure 1).
Perhaps by adopting experimental
and computational approaches with
capabilities that closely rival the work
of Isgro and Schulten (2007b), will we
be fully able to understand the inner
workings of the NPC.
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structure of a 17 kDa Nudix hydro
and provide evidence that it func
dihydroneopterin triphosphate.
Given its value as an antibiotic target,
the folate biosynthetic pathway has
been well studied in bacteria and
most of the enzymes from Escherichia
coli have been cloned, characterized,
and crystallized. In 1974, a 17 kDa
enzyme was isolated from E. coli that
converted dihydroneopterin triphos-
phate (DHNTP) to dihydroneopterin
monophosphate and pyrophosphate,
an early step in the pathway (Suzuki
and Brown, 1974), but surprisingly its
identity has remained unknown until
now. The similarity between DHNTP
and GTP, from which it is derived, sug-
gested to Gabelli et al. (2007) that the
DHNTP pyrophosphatase might be
a Nudix hydrolase. Hydrolases of the
Nudix superfamily degrade nucleo-
tides of general structure NDP–X
usually yielding NMP and P–X, and
are defined by a conserved 23-residue
catalytic motif GX5EX7REUXEEXGU,
involved in divalent metal ion co-ordi-
nation, within a larger structural Nudix
domain (Mildvan et al., 2005). Sub-
strates include (d)NTPs (canonical
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tions in vivo to remove pyropho
polyphosphates, nucleotide sugars,
nucleotide coenzymes, and capped
RNAs, as well as some nonnucleotide
pyrophosphates (McLennan, 2006).
Some hydrolases have a strict sub-
strate preference while others appear
to have a more relaxed specificity. In
support of their contention, the YlgG
Nudix hydrolase encoded within the
multicistronic folate operon of Lacto-
coccus lactis and a homolog from
Arabidopsis thaliana were recently
shown to catalyze DHNTP hydrolysis
(Klaus et al., 2005), but no obvious
ortholog was evident in E. coli. Indeed,
no 17kDa Nudix hydrolase remained to
be characterized in this organism.
Following a re-examination of known
Nudix hydrolases, Gabelli et al. (2007)
have now shown that the 17 kDa
nudB (ntpA, yebD, orf17) Nudix gene
product, previously described in vitro
as a dATP pyrophosphatase (O’Han-
dley et al., 1996), is actually a more ef-
ficient DHNTP pyrophosphatase, with
a kcat/Km ratio for DHNTP of 43,000
M1s1 compared to 5,810 for dATP.
Crucially, intracellular folate is reduced
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sphate from the folate precursor
about 10-fold in a nudB deletion mu-
tant, strongly implicating NudB in fo-
late production in vivo.
NudB crystallized with four mono-
mers in an asymmetric unit, one of
which had an open conformation,
while the other three displayed a
closed conformation in which a seg-
ment of 310 helix had moved inwards
toward a cavity-bound pyrophos-
phate, indicating a potential substrate
binding site. Based on some of the
known Nudix structures, of which
there are now 25 in the Protein Data
Bank, binding of DHNTP was modeled
into this cavity, revealing several fa-
vorable interactions that supported
DHNTP as a substrate. Commonly,
one of the conserved glutamates in
the Nudix motif acts as the general
base for proton abstraction from the
attacking water nucleophile. However,
examples have been cited of a gluta-
mate outside the motif or even a histi-
dine performing this function (Mildvan
et al., 2005). The proposal of Gabelli
et al. (2007) arising from the modeled
enzyme–DHNTP complex that Tyr91
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